We investigate current and future prospects for coincident detection of high-energy neutrinos and gravitational waves (GWs). Short gamma-ray bursts (SGRBs) are believed to originate from mergers of compact star binaries involving neutron stars. We estimate high-energy neutrino fluences from prompt emission, extended emission, X-ray flares, and plateau emission, and show that neutrino signals associated with the extended emission are the most promising. Assuming that the cosmic-ray loading factor is ∼ 10 and the Lorentz factor distribution is lognormal, we calculate the probability of neutrino detection from extended emission by current and future neutrino detectors, and find that the quasi-simultaneous detection of high-energy neutrinos, gamma rays, and GWs is possible with future instruments or even with current instruments for nearby SGRBs having extended emission. We also discuss stacking analyses that will also be useful with future experiments such as IceCube-Gen2.
INTRODUCTION
Gravitational waves (GWs) from binary black hole (BH) mergers have been detected by the advanced LIGO (aLIGO) (e.g., Abbott et al. 2016) . The GWs from binary systems including at least one neutron star (NS), i.e. NS-BH or NS-NS binaries that have been a theoretical candidate of progenitors of short gamma-ray bursts (SGRBs; e.g., Paczynski 1986; Eichler et al. 1989) , can be detected in the very near future. The electromagnetic counterparts for such binaries have actively been discussed, including SGRBs (see Nakar 2007; Berger 2014 , for reviews), off-axis emission of SGRB jets, kilonovae/macronovae in the optical/infrared band (e.g., Li & Paczyński 1998; Metzger 2017; Tanaka 2016) , radio afterglows of merger remnants (Nakar & Piran 2011) , and possible X-ray emission from a central engine (e.g., Nakamura et al. 2014; .
The light curves of SGRBs consist of a prompt emission, followed by several components, such as an extended emission (EE), X-ray flares, and plateau emission , which coincide with classical afterglow emission (e.g., Nakar 2007; Gehrels et al. 2009 ). The prompt emission is attributed to internal energy dissipation inside a relativistic jet (e.g., Rees & Meszaros 1994) , whereas the classical afterglows are caused by forward shocks propagating in the circumburst medium (Mészáros & Rees 1997) , which depend on the ambient density. While physical mechanisms driving EEs, flares, and plateaus are not wellunderstood, late-time emission from a long-lasting central engine has been believed to be responsible for these emissions observed in X-rays and gamma-rays (e.g., Ioka et al. 2005; Murase et al. 2011) . The X-ray and gamma-ray observations suggest that the total energies of these late-time emissions can be comparable to their prompt emissions (Chincarini et al. 2010; Rowlinson et al. 2013; Kaneko et al. 2015) , and that the EEs and plateau emissions may be more isotropic.
Neutrinos serve as an important messenger to probe the physics of NS-NS and NS-BH mergers. However, the detection of MeV neutrinos from compact binary mergers is difficult even with future detectors (e.g., the detection horizon for Hyper-Kamiokande is ∼ 5 Mpc; Sekiguchi et al. 2011) . High-energy neutrino searches associated with GWs have been considered and performed since the initial LIGO/VIRGO era (Baret et al. 2011; Aartsen et al. 2014) , and the feasibility of joint analyses on transients with a time window of ±500 s was demonstrated for GW 150914 (Adrián-Martínez et al. 2016) . However, the jet formation in BH-BH mergers is disputed and special conditions seem required (e.g. Kimura et al. 2017) . Even if the jet is launched, pre-dictions for high-energy neutrinos depend on details of the dissipation and emission mechanisms (Murase et al. 2016; Kotera & Silk 2016; Moharana et al. 2016) .
We here focus on the detectability of high-energy neutrinos from SGRBs. GRBs have been discussed as promising sources of high-energy neutrinos (e.g., Waxman & Bahcall 1997; Murase & Nagataki 2006a; Becker 2008) . The IceCube Collaboration has put interesting limits on the parameter spaces of GRB neutrinos (e.g., Aartsen et al. 2017) . Their conclusions mainly come from long GRBs, and limits on prompt neutrinos from SGRBs with the current statistics are weak since their number fraction and fluences are much smaller. However, as we show in this work, we may still have a chance to detect neutrinos from SGRBs. One possibility is the occurrence of a very nearby SGRB. Another is high-energy neutrino emission by late-time emissions such as flares and plateaus, as suggested by Murase & Nagataki (2006b) . Since IceCube GRB searches mostly focused on prompt neutrinos so far, the neutrinos from the late-time emission are not strongly constrained (see e.g. Abbasi et al. 2010 , for the analysis with a longer time window).
In this paper, we discuss the prospects for coincident detections of high-energy neutrinos and GWs by current and future instruments such as IceCubeGen2 . We consider various phases of neutrino emission from SGRBs, including late-time emissions such as extended emission (EE) and plateau emission, and discuss the detectability of high-energy neutrino events, assuming that SGRBs happen within the design sensitivity range of current GW experiments (aLIGO/aVIRGO/KAGRA).
HIGH-ENERGY NEUTRINOS FROM SGRBS
High-energy neutrino emission from GRBs has been studied with detailed numerical simulations, taking into account the multi-pion production and various cooling processes (e.g., Murase & Nagataki 2006a; Baerwald et al. 2011) .
Effects of multi-zone have been studied in the context of prompt emission from long GRBs, which shows highly variable light curves (Bustamante et al. 2015) . In this work, we take the simplified approach as used in He et al. (2012) , which is sufficient for our purpose of comparing various phases of SGRB neutrino emission. We use ε i for energy of particle species i in the fluid-rest frame, and E i in the observer frame.
The photon density in a dissipation region is described by a broken power-law function: dn γ /dε γ ∝ (ε γ /ε γ,pk ) −α for ε γ < ε γ,pk and dn γ /dε γ ∝ (ε γ /ε γ,pk ) −β for ε γ > ε γ,pk . The normalization is determined by the isotropic equivalent luminosity, L γ,iso = 4πcΓ 2 r 2 diss U γ and U γ = εγ,M εγ,m dε γ ε γ (dn γ /dε γ ), respectively, where ε γ,m (ε γ,M ) is the comoving minimum (maximum) photon energy. We use ε γ,m = 0.1 eV and ε γ,M = 10 6 eV, as in Murase & Nagataki (2006b) . The luminosity measured in the observed energy band, L * γ,iso , depends on detectors, and L γ,iso is several times higher than L * γ,iso . For cosmic rays, we use a canonical power-law spectrum, dN p /dE p ∝ E −2 p . The total energy of nonthermal protons is normalized by E p,iso = ξ p E γ,iso , where E γ,iso is the isotropic equivalent photon energy and ξ p = 10 is the cosmic-ray loading factor (Murase & Nagataki 2006a) .
Note that neutrino observations of long GRBs suggest ξ p ∼ < 3 − 300, depending on emission radii (Bustamante et al. 2015; Aartsen et al. 2017) . We use E p,m = Γε p,m = Γ(10m p c 2 ). The maximum energy is determined by the balance between the acceleration and cooling processes:
The acceleration time is estimated to be t acc = ε p /(ceB), where B = 2L iso ξ B /(cΓ 2 r 2 diss ) is the comoving magnetic field strength (where ξ B is the energy fraction of the magnetic field compared to the radiation energy). For the cooling processes, we consider adiabatic cooling, synchrotron cooling, and photomeson production. The adiabatic cooling time is similar to the dynamical time: t dyn = r diss /(cΓ). The synchrotron time for particle species i is t i,syn = 6πm
, where σ T is the Thomson cross section. The photomeson cooling rate is evaluated by
where γ p = ε p /(m p c 2 ), ε th ≃ 145 MeV is the threshold energy for the photomeson production, ε γ is the photon energy in the proton rest frame, and σ pγ and κ pγ are the cross section and inelasticity for photomeson production, respectively. To take into account the energy dependences of σ pγ and κ pγ , we use the fitting formulae based on GEANT4 (see Murase & Nagataki 2006a) .
Pions generated through the photomeson production decay into muons and muon neutrinos. Using the meson production efficiency, f pγ ≡ t p,cool /t pγ (which always satisfies f pγ < 1 in this definition 1 ), the muon neutrino spectrum produced by pion decay is estimated to be
where E νµ ≈ 0.05E p and f supπ = 1−exp(−t π,cool /t π,dec ) is the suppression factor due to the cooling of pions. Here, t π,dec = γ π τ π is the decay time of pi- ons (γ π = ε π /(m π c 2 ) and τ π = 2.6 × 10 −8 s) and t
dyn is the cooling time for pions. This cooling makes a spectral break in the neutrino spectrum around E ν,π = 3πm 5 π c 5 Γ 2 /(8m 2 e σ T B 2 τ π ). The muons produced by the pions decay into neutrinos and positrons. The spectra of these neutrinos (ν e and ν µ ) are estimated to be
where E νe ≈ E νµ ≈ 0.05E p and f supµ is the suppression factor for muons. The break for neutrino spectrum by muon cooling appears around E ν,µ = 3πm 5 µ c 5 Γ 2 /(8m 2 e σ T B 2 τ µ ). The neutrino spectrum measured at the Earth is different from that at the sources due to neutrino mixing. Using the tri-bimaximal mixing matrix, the fluences are calculated via (e.g., Harrison et al. 2002) 
where
is the neutrino fluence at the source and d L is the luminosity distance.
We calculate φ ν from EEs (two cases), a prompt emission, a flare, and a plateau, whose parameters are tabulated in Table 1 Kisaka et al. (2017) for plateaus), but we should note the substantial uncertainties. The parameters that are not tabulated in the table are set to α = 0.5, β = 2.0, ξ p = 10, ξ B = 0.1, and d L = 300 Mpc. This d L corresponds to the declination-averaged design sensitivity range of aLIGO for NS-NS mergers in face-on inclination (Schutz 2011) . In table 1, we also tabulate the resultant physical quantities; B, L γ,iso , E γ,iso , E p,M , E ν,µ , and E ν,π . Figure 1 shows φ νµ for the models tabulated in Table  1 . We see that EEs achieve much higher fluences than the others. The meson production efficiency reaches almost unity at ∼ 10 PeV (∼10 TeV) for EE-mod (EEopt), owing to their high photon number density. This makes EEs more luminous than the others. The magnetic fields are so strong that spectral breaks due to both the muon and pion cooling supressions are seen in Figure 1 . The proton maximum energy is determined by the photomeson production, leading to relatively lower values of E p,M . For the other three models, f pγ < 1 is sat-isfied and the lower fluences are obtained. The magnetic fields are so weak that pion cooling is not important in these models. The maximum energy is determined by adiabatic losses for prompt and plateau emissions, and by photomeson production for flares.
For flares and plateaus, Γ ∼ 10 and r diss ∼ 10 13 cm are also possible (e.g., Nagakura et al. 2014; , and then, they can be as bright as EEs owing to the high pion production efficiency. Also, neutrino fluences from prompt emission can be higher than the plateau and flares if Γ ∼ < 300 is realized.
PROBABILITY OF NEUTRINO DETECTION
The expected number of ν µ -induced events is estimated to be
where A eff is the effective area. The effective areas of upgoing+horizontal and downgoing tracks for IceCube is shown in Aartsen et al. (2017) as a function of E ν . For upgoing+horizontal muon neutrino events (δ > −5 • ), the atmospheric muons are shielded by the Earth. For IceCube-Gen2, we use 10 2/3 times larger effective areas than those of both upgoing+horizontal and downgoing events for IceCube. The effective area of downgoing muon neutrino events in IceCube-Gen2 may not be simply scaled, but the simple scaling is sufficient for the demonstrative purpose of this work. We set the threshold energy for neutrino detection to 100 GeV for IceCube and 1 TeV for IceCube-Gen2.
The probability of detecting k neutrino events, p k , is described by the Poisson distribution. The detection probability of more than k neutrinos is represented as p(N µ ≥ k) = 1 − i<k p i . We find that for EE-mod (Γ = 30), the probability for upgoing+horizontal events, p(N µ ≥ 1), is 0.04 and 0.16 with IceCube and IceCubeGen2, respectively. For EE-opt (Γ = 10), N µ ≃1.7 and 7.9 with IceCube and IceCube-Gen2, respectively. It is possible for IceCube to detect neutrinos from EEs, while detections with IceCube-Gen2 are more promising. However, for d L = 300 Mpc, the neutrino detection for the prompt, flare, and plateau neutrino emissions may still be challenging even with IceCube-Gen2, since p(N µ ≥ 1) for them is less than 0.01.
The neutrino fluence of GRBs is sensitive to the Lorentz factor. To take this effect into account in a reasonable manner, we consider the distribution of Γ to calculate the detection probability of EEs by current and future neutrino experiments. The Lorentz factor distribution is assumed to be lognormal:
where F 0 is the normalization factor ( ∞ Γmin F (Γ)d ln Γ = 1), Γ 0 is the mean Lorentz factor and σ Γ is the dispersion in logarithmic space 2 . Here, we introduce the minimum Lorentz factor Γ min ≈ 2, below which we assume that such a slow jet does not exist. We calculate N µ for EEs with various Γ, and estimate the detection probabilities P k = dΓF Γ p k and P (N µ ≥ k) = 1 − i<k P i . Note that p k is a function of Γ and δ through φ ν and A eff , respectively. We calculate P k for upgoing+horizontal and downgoing events separately, and consider a coveringfactor-weighted average as the all-sky detection probability. Since several parameters are uncertain, we consider moderate (EE-mod-dist) and optimistic (EE-optdist) models. The basic parameters for EE-mod-dist (EE-opt-dist) are the same as those for EE-mod (EEopt) with Γ 0 = 30 (Γ 0 = 10). In each case, we examine σ Γ = 2 (EE-mod-dist-A and EE-opt-dist-A) and σ Γ = 4 (EE-mod-dist-B and EE-opt-dist-B).
The resultant P k are shown in Table 2 , where we use d L = 300 Mpc. The upgoing+horizontal events have higher probability than the downgoing events owing to a higher A eff for low E ν . In EE-mod-dist cases, the lower σ Γ model (EE-mod-dist-A) has slightly lower detection probabilities, because they have a smaller fraction of lower-Γ EEs. On the other hand, EE-opt-dist-A has higher detection probabilities than EE-opt-dist-B due to a smaller fraction of higher-Γ EEs. We also estimate P k using declination-averaged effective area for IceCube, A eff,ave = dΩA eff , shown as IC (A eff,ave ) in Table 2 , which shows slightly higher P (N µ ≥ 1) for EE-opt-dist. Although the declination dependence of A eff does not change our conclusion much, the declination dependent analysis is important for more quantitative evaluations.
Using the relation Figure 2 . Here, we ignore the effects of cosmological redshift, since we focus on the local universe at d L ∼ < 2 Gpc. The vertical dotted lines show d L = 300 Mpc and d L = 600 Mpc, which corresponds to the sensitivity ranges of face-on NS-NS and NS-BH mergers by aLIGO, respectively. For NS-BH mergers, since the distance is longer, P (N µ ≥ 1) is lower than those for NS-NS mergers. The detection probability of nearby events is affected by σ Γ , while that of distant events is not.
We estimate the detection probability within a given time interval, ∆T , which is estimated to be P ∆T = 1 − P N 0 , where N is the number of EEs for the time interval within the covering area of neutrino detectors. The local SGRB rate is ∼ 4 Gpc −3 yr −1 −10 Gpc −3 yr −1 IceCube-Gen2 NS-NS Figure 2 . The detection probability P (Nµ ≥ 1) as a function of luminosity distance dL. The upper and lower panels are with IceCube and IceCube-Gen2, respectively. The vertical thin-dotted lines show dL = 300 Mpc and dL = 600 Mpc.
(e.g., Nakar et al. 2006; Wanderman & Piran 2015) , so the event rate within the sensitivity range of aLIGO (300 Mpc) is ∼ 0.46 yr −1 − 1.1 yr −1 . According to the Swift results, ∼ 25 % of SGRBs are accompaned by EEs (Sakamoto et al. 2011) , noting that softer instruments Table 3 .
The detection probabilities within a given time interval, P∆T . The SGRB rate is assumed to be 4 Gpc −3 yr −1 − 10 Gpc could detect more EEs (Nakamura et al. 2014) . Here, we simply assume that half of SGRBs have EEs, leading to N ∼ 2 − 5 for ∆T = 10 years. Within the sensitivity range of NS-BH mergers by aLIGO (600 Mpc), the SGRB rate is ∼ 3.7 yr −1 − 9.0 yr −1 , leading to ∼ 9 − 22 EEs for a 5-year operation. The estimated values of P ∆T are tabulated in Table 3 . We find that the simultaneous detection of gamma-rays, neutrinos, and GWs is possible in the era of IceCube-Gen2 and aLIGO/aVirgo/KAGRA, assuming a cosmic-ray loading factor, ξ p ∼ 10. This will allow us to probe the physical conditions during EEs, including the cosmicray loading factor and the Lorentz factor (see Section 4).
In the near future, KM3NeT will be in operation. While IceCube is more suitable to observe the northern sky, KM3NeT will achieve a better sensitivity for the southern sky, helping us improve the possibility of detections.
In reality, not only Γ but also the other parameters for EEs (r diss , L obs iso , E obs iso , α, β, E γ,pk , ξ B , d L ) should be distributed in certain ranges. However, their distribution functions are quite uncertain, and detailed discussion of the parameter dependences is beyond the scope of this paper. Systematic studies are required to obtain more solid conclusions.
SUMMARY & DISCUSSION
We have discussed the detectability of high-energy neutrinos from SGRBs that occur within the sensitivity range of GW detectors. We have calculated the neutrino fluences from SGRBs including prompt emission and late-time emissions (EEs, flares, plateaus), and shown that EEs may be accompanied by more efficient production of high-energy neutrinos than the other components. Assuming that the distribution function of the jet Lorentz factor is lognormal, the detection probability of high-energy neutrinos from EEs with IceCube and IceCube-Gen2 have been estimated as a function of d L . Using the expected distance of GW detection from faceon NS-NS binaries (∼ 300 Mpc), IceCube can detect neutrinos from less than 10 % of EEs in the moderate case and around half of EEs in the optimistic case, while IceCube-Gen2 can detect around one-fourth of EEs in the moderate case and around more than three-fourth of EEs in the optimistic case, respectively. With several years of operation of IceCube-Gen2, one may expect a high probability for the quasi-simultaneous detections of gamma-rays, neutrinos, and GWs from X-ray bright SGRBs.
The sky position and timing information of a SGRB are obtained from electromagnetic waves and GWs, which allow us to reduce the atmospheric background. The intensity of the atmospheric neutrinos above TeV is around 6 × 10 −8 erg s −1 sr −1 cm −2 (e.g., Abbasi et al. 2011) . Within the angular resolution of track-like events (∼ 1
• ) and the time window of EEs (∼ 10 2 s), the atmospheric neutrino fluence can ideally be as small as ∼ 2 × 10 −9 erg cm −2 . Although the localization accuracy can be much worse, e.g., ∼ 5 − 15
• for Fermi GBM (depending on the burst duration) or a few degrees for the GW detector network (aLIGO/VIRGO/KAGRA) without electromagnetic wave counterparts (e.g. Schutz 2011), the atmospheric neutrino background is still much lower than the signal in many cases. Therefore, we can safely neglect the atmospheric backgrounds.
In 2030s, third-generation GW detectors such as Einstein Telescope (ET) and LIGO cosmic explorer (LIGO-CE), might be realized. ET and LIGO-CE can detect NS-NS mergers even around z ∼ 2 and z ∼ 6, respectively (Sathyaprakash et al. 2012; Abbott et al. 2017) . Next-generation MeV gamma-ray satellites such as e-ASTROGAM and AMEGO are also being planned, which would be able to detect SGRBs at z ∼ > 1 with an angular resolution of less than a few degrees. Since GW data can tell us a redshift of each event for given cosmological parameters 3 , the redshift distribution of NS-NS mergers and SGRBs will be obtained. In the IceCubeGen2 era, stacking analysis are expected to be powerful. For simplicity, we assume all the EEs have the same parameters as in the EE-mod or EE-opt model, except for d L = 5.8 Gpc (corresponding to z ∼ 0.9). At this typical redshift of SGRBs (Wanderman & Piran 2015) , the SGRB rate is increased to ∼ 45 Gpc −3 yr −1 , but the atmospheric neutrinos are still negligible partially because the signal fluxes expected in this work typically have peak energies of > 10 TeV 4 . Under the assumption that half of SGRBs are accompanied by EEs, we expect ∼ 1300 EEs per year in the northern sky. The expected number of ν µ -induced upgoing tracks in IceCube-Gen2 is N µ ≃ 4.6 × 10 −4 and N µ ≃ 0.021 for the EE-mod and EE-opt models, respectively. We find that the detection probability for a 3-month operation, P 0.25yr , is ≃ 0.14 for EE-mod and ≃ 0.999 for EE-opt. Two years of operation would be enough to increase P 1yr ≃ 0.69 for EE-mod. Detailed discussion, including the effect of cosmological evolution and parameter dependence, is left for future work. We encourage stacking analyses specialized on not only long GRBs but also SGRBs with longer time windows in order to constrain high-energy neutrino emission associated with the late-time activities.
High-energy neutrinos can serve as a powerful probe of cosmic-ray acceleration in SGRBs and physics of SGRB jets associated with NS-NS mergers. They can provide important clues to an outflow associated with late-time activities, whose mechanisms are highly uncertain. Several scenarios for late-time activities have been proposed to explain EEs, flares, and plateaus. For example, the fragmentation of the accretion disk (Perna et al. 2006) and its magnetic barrier ) may lead to a considerable amount of baryons around the central engine, which may result in a high baryon loading factor. On the other hand, baryon loading factors can be very low if the outflow is largely Poynting-dominated. This could be realized by not only Blandford-Znajek jets from a BH (Nakamura et al. 2014; but also a long-lived remnant NS (e.g., Dai & Lu 1998) . Such a long-lived hypermassive NS may also emit GWs that could be detected in the future (see Bartos et al. 2013 , and references therein).
Note that all NS-NS mergers or NS-BH mergers are not necessarily accompanied by SGRBs.
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